Climate downscaling over southern South America for present-day climate (1970-1989) using the MM5 model. Mean, interannual variability and internal variability  by Cabré, Fernanda et al.
Atmósfera 27(2), 117-140 (2014)
Climate downscaling over southern South America for present-day climate 
(1970-1989) using the MM5 model. 
Mean, interannual variability and internal variability
FERNANDA CABRÉ
Centro de Investigaciones del Mar y la Atmósfera (CIMA-CONICET/FCEN-UBA);  
Instituto Franco Argentino de Estudios del Clima y sus Impactos (UMI IFAECI/CNRS) Ciudad Universitaria, 
pabellón II, piso 2, C1428EGA, Buenos Aires, Argentina
Corresponding author; e-mail: cabre@cima.fcen.uba.ar
SILVINA SOLMAN and MARIO NÚÑEZ
Centro de Investigaciones del Mar y la Atmósfera (CIMA-CONICET/FCEN-UBA); Departamento de Ciencias 
de la Atmósfera y los Océanos (DCAO/FCEN-UBA); Instituto Franco Argentino de Estudios del Clima y sus 
Impactos (UMI IFAECI/CNRS), Ciudad Universitaria, pabellón II, piso 2, C1428EGA, Buenos Aires, Argentina
Received March 26, 2013; accepted November 26, 2013
RESUMEN
Este trabajo evalúa la capacidad del modelo regional MM5 para representar las principales características 
del clima actual de Sudamérica. Se evalúa la distribución espacial de los valores medios estacionales, la 
variabilidad interanual y el ciclo anual de la precipitación y la temperatura, así como la variabilidad inter-
na. El análisis tuvo dos objetivos: cuantificar la capacidad de la regionalización (downscaling) dinámica 
para representar el clima actual e identificar los aspectos críticos de la simulación climática regional en 
Sudamérica para interpretar las proyecciones hacia fines de siglo XXI en el escenario de emisión SRES 
A2 con cierto grado de confiabilidad. En general, el modelo MM5 representa de forma adecuada las ca-
racterísticas regionales, el ciclo estacional y la variabilidad interanual de las variables de superficie en 
el sur de Sudamérica. La distribución espacial de la temperatura está bien representada; sin embargo, se 
encuentran algunos errores sistemáticos, como una sobreestimación en el centro y norte de Argentina y una 
subestimación en las regiones montañosas a lo largo del año. La distribución espacial de la precipitación 
también está bien representada por el modelo regional, sin embargo se encuentra una sobreestimación de la 
precipitación en la región andina (especialmente en el centro y sur de Chile) en todas las épocas del año y 
una subestimación de la precipitación en latitudes tropicales. El ciclo anual de la precipitación está repre-
sentado de manera adecuada en todas las regiones analizadas, sin embargo su representación es mejor en 
la cuenca del Plata (LPB, por sus siglas en inglés), Cuyo (CU) y sur de Buenos Aires (región denominada 
sureste Pampas [SEP]). El ciclo anual de la temperatura media también está bien representado. En líneas 
generales, el modelo sobreestima la variabilidad interanual de la temperatura y subestima la variabilidad 
interanual de la precipitación. De la evaluación de la variabilidad interanual, la variabilidad interna y los 
sesgos, puede concluirse que independientemente de la época del año, la precipitación simulada por el 
modelo regional MM5 es confiable en latitudes subtropicales, Uruguay, el sur de Brasil y el centro-este de 
Argentina, pero es poco confiable en áreas montañosas. La temperatura es confiable en latitudes subtropi-
cales, Uruguay y el sur de Brasil solamente durante el invierno, pero es poco confiable o se encuentra en 
el límite de confiabilidad en el centro y sur de Chile a lo largo del año. De esta manera, puede concluirse 
que el modelo MM5 es una herramienta de mucha utilidad para la generación de escenarios regionales de 
cambio climático de alta resolución en el sur de Sudamérica y constituye un interesante punto de partida 
para evaluar los escenarios regionales de cambio climático en dicha región.
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ABSTRACT
This work focuses on evaluating the ability of the MM5 regional model to represent the basic features of 
present climate over South America. The spatial distribution of seasonal means and the interannual vari-
ability, as well as annual cycles for precipitation and near-surface temperature have been evaluated. The 
internal variability has also been investigated. The analysis has two objectives: one of them is to quantify 
the dynamic downscaling ability to represent the current climate and the other is to identify critical aspects 
of the regional climate model in South America in order to interpret the reliability of future projections for 
the end of the twenty-first century in the A2 scenario of the IPCC Special Report on Emissions Scenarios. In 
general, the MM5 model is able to reproduce adequately the main general features, seasonal cycle and year-
to-year variability of near surface variables over South America. The spatial distribution of temperature is 
well represented, but some systematic errors were identified, such as an overestimation in central and northern 
Argentina and an underestimation in the mountainous regions throughout the year. The general structure of 
precipitation is also well captured by the regional model, although it overestimates the precipitation in the 
Andean region (specifically in central and southern Chile) in all seasons and underestimates the rainfall over 
tropical latitudes. The annual cycle of precipitation is adequately represented in the subregions analyzed, but 
its representation is better over La Plata basin (LPB), Cuyo (CU) and southeastern Pampas (SEP). The annual 
cycle of mean temperature is well represented, too. The model systematically overestimates the interannual 
variability of temperature and underestimates the interannual variability of precipitation. From the analyses 
of interannual and internal variability, as well as the biases, it can be concluded that regardless the season, 
the simulated precipitation is reliable at subtropical latitudes, Uruguay, southern Brazil and east-central of 
Argentina, but is less reliable over areas of complex topography. For temperature, the regional model is 
reliable over subtropical latitudes, Uruguay and the south of Brazil only during winter, but it is less reliable 
or it is even in the limit of reliability over central and southern Chile all along the year. Therefore, it is con-
cluded that the MM5 model is a useful tool for the generation of regional climate change scenarios and for 
the evaluation of regional climate change scenarios over southern South America.
Keywords: Regional climate modeling, South America, present climate, interannual variability, internal 
variability, ensemble.
1. Introduction
General circulation models (GCMs) are the most 
promising tools to determine the response of the 
climate system to increasing greenhouse gases con-
centrations and to assess how the system will evolve 
under different emission scenarios. Nevertheless, 
due to the complexity of these models and the fact 
that they operate globally, their spatial resolution, 
typically of several hundred kilometers, is considered 
insufficient for many purposes. First of all, GCMs 
are not able to adequately capture the regional scale 
forcing and, in consequence, they are not able to 
represent the small-scale processes and their related 
heat and momentum fluxes that critically affect the 
broader scale circulation. Moreover, near-surface 
variables are strongly influenced by local and regional 
forcings, which cannot be properly represented due 
to the spatial resolution in which the model operates.
The development of regional climate models 
(RCMs) nested in GCMs has been extensively 
used for different applications and regions since the 
early 1990s (Dickinson et al. 1989; Giorgi, 1990). 
Nowadays, regional climate modeling is the most 
appropriate tool to simulate the regional climate 
with greater accuracy than the low-resolution global 
models, accounting for small-scale features related to 
thermal contrasts due to complex topography or other 
inhomogeneities at surface. Studies such as Caya and 
Biner (2004), Giorgi et al. (2004) and Räisänen et al. 
(2004) show that RCMs improve the representation 
of climate variables such as precipitation and surface 
temperature when compared with GCMs.
Regional climate modeling studies over South 
America have shown a diverse model performance, 
depending on the choice of the regional model 
(Rauscher et al. 2006; Seth et al. 2007; Alves and 
Marengo 2009; Chou et al. 2009, 2012; Silvestri et 
al. 2009; Menéndez et al. 2010a,b; Sörensson et al. 
2010). Solman et al. (2007) explored the capability 
of the MM5 model to reproduce the main features of 
present climate over the region. In addition, several 
studies have evaluated the quality of present-climate 
simulations using different RCMs nested into the 
HadAM3P global model (Alves and Marengo (2009) 
using the HadRM3P; da Rocha et al. (2009) using the 
RegCM3; Pisnichenko and Tarasova (2009) using the 
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Eta CCS; and Pesquero et al. (2009) using the Eta-
CPTEC RCMs). When compared with observations, 
the regional simulations exhibit systematic errors 
that might be related to the physics of RCMs (e.g., 
convective schemes and land surface processes) and 
the lateral boundary conditions inherited from the 
global model.
The application of ensembles of RCMs simula-
tions to assess the significance of model perturbations 
began in the early 1990s (Ji and Vernekar, 1997; Rin-
ke and Dethloff, 2000; Weisse et al., 2000; Gaertner 
et al., 2001). Besides this, several studies have shown 
that regional climate simulations are affected by 
various sources of uncertainty (de Elia et al., 2008) 
and the spread among different simulations should be 
borne in mind before drawing conclusions about the 
significance of the regional climate model response 
to external forcings. O’Brien et al. (2010) provides 
a very clear example of this behavior.
The sources of uncertainty in regional cli-
mate simulations can be classified in four groups: 
(a) uncertainty due to differences in initial conditions, 
known as internal variability (IV); (b) uncertainty 
due to the model configuration (e.g., domain size and 
location); (c) uncertainty due to the choice of physical 
parameterization in the RCM; and (d) uncertainty due 
to the boundary conditions (driving global climate 
models and/or reanalysis). In addition to the above 
classification, in simulations where we evaluate the 
response to increasing concentrations of greenhouse 
gases, the uncertainty of the scenario represents an 
additional source of uncertainty (Hawkins and Sut-
ton, 2009).
Internal variability is related to differences among 
realizations of the simulated climate triggered by 
distinct initial conditions. Consequently, the internal 
variability tries to account for the intrinsic uncertainty 
in the simulated climate (von Storch, 2005). It has 
been shown that RCMs have some level of freedom 
and therefore show an important IV (Giorgi and 
Bi, 2000; Christensen et al., 2001; Caya and Biner, 
2004; Alexandru et al., 2007). Moreover, it has been 
shown that IV is sensitive to the simulated period, 
the domain size and geographic location. This has 
motivated several studies focused on evaluating 
IV, such as those that aim for assess the magnitude 
of IV in RCMs and characterize both spatial and 
temporal distribution, as well as its dependence on 
the number of ensemble members and the domain 
size (Giorgi and Bi, 2000; Christensen et al., 2001 
over the Mediterranean region, southern Europe and 
northern Africa; Caya and Biner, 2004; Alexandru et 
al., 2007; Lucas-Picher et al., 2008 in North America; 
Vanvyve et al., 2008 for western Africa; and Solman 
and Pessacg, 2012a for South America). Moreover, 
the IV represents the lowest level of uncertainty that 
cannot be reduced, but should be characterized in 
order to assess the extent to which the response of 
the regional climate represents a significant signal or 
is immersed in the inherent uncertainty of the RCM.
Although the literature related to IV in other parts 
of the world is extensive, South America does not 
show that privilege. There are no studies focused 
on evaluating the magnitude of the uncertainties of 
long-term RCM simulations over the region. Solman 
and Pessacg (2012b) have evaluated the behavior of 
several uncertainty sources for South America at the 
seasonal scale. We propose studying and quantifying 
the IV in the MM5 RCM for a one-year simulation 
in order to discuss the limitations of the model, by 
comparing its biases with the IV.
Southern South American climate and its vari-
ability are affected by regional and local forcings. 
The target region extends from the tropics towards 
the extratropics and high latitudes, the southernmost 
part of the region being embedded within the westerly 
circulation. Climate over this region is characterized 
by interactions of several dynamical processes. The 
most important feature of the regional geography 
is the Andes Mountains, a very narrow orographic 
feature extending all along the western coast which 
reaches up to 6000 m at subtropical latitudes. In ad-
dition, the Brazilian plateau, covering most of eastern 
Brazil is another important topographic structure in 
the continent. Both mountainous systems produce 
distinctive features in the South American climate, 
particularly at low levels. The presence of a low level 
jet along the eastern slopes of the central Andes as 
well as the existence of a region of maximum fre-
quency of winter cyclogenesis over eastern South 
America, are examples of the topographic influence 
on the continental climate (Vera et al. 2006 and ref-
erences therein).
The first step to understand climate changes 
that are likely to occur in the future is the assess-
ment of present climate. Such an assessment also 
allows determining the model deficiencies, among 
other topics. For this reason, this paper provides an 
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evaluation of a present climate simulation over southern 
South America performed with the MM5 regional mod-
el. We focus on evaluating the capability of the model 
in reproducing the seasonal mean climate and the 
interannual variability for precipitation and near-sur-
face temperature. This article is an initial step for 
further evaluating the regional climate response 
under the A2 scenario of the IPCC Special Report 
on Emissions Scenarios over the region, to be used 
for impact studies over South America.
This paper is organized as follows: section 2 pres-
ents some characteristics of the MM5 RCM in terms 
of its configuration, experiment design and validation 
data. A brief detail of the climate indices of IV is 
also presented in this section. Section 3 is devoted to 
assessing the performance of the regional model. We 
evaluate the low-level circulation patterns in terms 
of the spatial distribution of wind and its meridional 
component. Then we discuss the spatial distribution 
of seasonal mean temperature and precipitation, the 
annual cycle and the interannual variability. A brief 
evaluation of the MM5 IV for both temperature and 
precipitation is also included. Section 4 aims to dis-
cuss the reliability of the simulation. The objective 
of this analysis is to put the mean seasonal biases in 
the context of interannual and internal variability, for 
evaluating the extent to which the model is able to 
reproduce a reliable estimate of present climate con-
ditions. Finally, section 5 summarizes the conclusions.
2. Model description, experiment design and 
validation data
2.1 The regional model
The regional climate simulation was performed using 
the fifth-generation Pennsylvania State Universi-
ty-NCAR nonhydrostatic Mesoscale Model MM5 
version 3.6, developed by Pennsylvania State Uni-
versity (PSU) and the National Centers for Environ-
mental Prediction/National Centre for Atmospheric 
Research (NCEP/NCAR) (Grell et al., 1993).
The regional model configuration used to per-
form the continuous 20-year simulation for the peri-
od 1970-1989 includes the Grell convective scheme 
(Grell et al., 1993). The planetary boundary layer 
parameterization is formulated following the MRF 
scheme by Hong and Pan (1996). Surface processes 
are represented by the Noah land surface model 
(Chen and Dudhia, 2001). Moisture tendencies 
were calculated by the explicit moisture scheme 
(Hsie et al., 1984). The radiation package calculates 
long-wave radiation through clouds and water va-
por, based on Stephens (1978, 1984) and Garrand 
(1983). It also accounts for short wave absorption and 
scattering in clear air, and reflection and absorption 
in cloud layers (Stephens, 1984). The calculation 
of radiative heating or cooling in the atmosphere 
accounts for longwave and shortwave interactions 
with explicit cloud and clear air. The non-hydrostatic 
dynamics allows the model to be used effectively in 
representing phenomena with very high resolution.
The regional model was run in a Mercator grid 
with approximately 40 km resolution in both hori-
zontal directions, with 158 points in the west-east 
direction and 150 points in the south-north direction, 
with 23 vertical sigma levels. The land-sea mask and 
topography have been derived from the US Navy 10 
min resolution dataset. Vegetation and soil proper-
ties were obtained from the U.S. Geological Survey 
(USGS) vegetation/land use database. The integration 
domain covers southern South America, from 12º 
to 58º S, 28º to 92º W. Figure 1 displays the model 
topography and domain used in this study.
2.2 Boundary conditions and experiment design for 
climate simulations
Data from the Atmospheric GCM HadAM3H devel-
oped by the Hadley Center was used to drive the MM5 
regional model. The HadAM3H model resolution is 
1.25º latitude by 1.875º longitude. Details of the model 
characteristics can be found in Pope et al. (2000). The 
HadAM3H present-climate simulations from 1961 to 
1990 were initialized with atmospheric and land sur-
face conditions from the Coupled Ocean-Atmosphere 
Global Climate Model (HadCM3) and forced with 
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Fig. 1. Model domain and topography. Contours are drawn 
every 500 m.
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observed sea surface temperature (SST) and sea-ice 
distribution from the Hadley Centre HadISST dataset 
(Rayner et al., 2003). This database shows a mixture 
of global monthly sea surface temperature and sea-ice 
concentration at 1º horizontal resolution from 1871.
The MM5 model requires initial and time evolv-
ing boundary conditions for wind components, 
temperature, geopotential height, relative humidity 
and surface pressure. These variables were provided 
in a 6-hour interval within a relaxation zone in the 
lateral boundaries.
The model integration started on January 1, 1969 
and the simulation extends up to December 30, 1989. 
A one-year spin-up time was adopted (Christensen, 
1999), which was excluded for the analysis.
2.3 Methodology and experimental design for en-
semble analysis
A three-member ensemble for a one year-length 
simulation (1987) has been performed. Each member 
shares the same experimental design (model config-
uration, lateral boundary conditions and physical 
schemes) with the only exception that the initial 
condition is different among them.
The design of the proposed experiment consists 
of modifying the initial condition by changing the 
starting day for each member of the ensemble. The 
analysis was conducted from December 1, 1986 to 
December 1, 1987. The three-member ensemble is 
called EXP1-EXP2-CTL. Table I specifies the name 
of each member together with the corresponding 
initial condition.
We also carried out three other ensembles of two 
members (EXP1-EXP2, EXP1-CTL, EXP2-CTL), 
in order to perform a brief sensitivity analysis to the 
number of members of the ensemble.
2.4 Climate statistics of internal variability
A measure of the uncertainty for each ensemble 
is quantified by means of the spread among the 
ensemble members, using the variance estimated be-
tween each three-member ensemble as in Alexandru 
et al. (2007):
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where M is the number of ensemble members (M = 3); 
Xm(i, j, t) represents the value of the variable X (tem-
perature or precipitation) at grid point (i, j) at time t, 
for the individual ensemble member m; and  X (i, j, t) 
represents the ensemble mean, defined as:
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The temporal evolution of IV can be obtained with 
the areal average of σ2VAR expressed by:
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where VAR represents the variable evaluated (tempera-
ture or precipitation), and I and J specify the number 
of points in the x and y directions, respectively.
As a measure of the spatial distribution of the 
spread among individual members of the ensembles 
(IV), we computed the square root of the time-aver-
aged variance:
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where N is the number of time-steps of the simulated 
period. The last equation represents the climatology 
of IV at an individual grid point (i, j).
These statistics will be evaluated for precipitation 
and surface air temperature at the seasonal scale.
2.5 Validation data
For the validation of monthly mean precipitation 
and surface air temperature, the Climate Research 
Unit (CRU) dataset (Mitchell et al., 2003) from East 
Anglia University has been used. CRU is available 
over a 0.5º × 0.5º horizontal grid. The NCEP/NCAR 
reanalysis (Kalnay et al., 1996) was used for valida-
tion of the circulation variables (zonal and meridional 
winds).
3. Results
The results focus on present climate features (1970-
1989) for austral summer (DJF), fall (MAM), winter 
(JJA) and spring (SON).
Table I. List of experiments performed, indicating the 
different initial conditions of each ensemble member.
ENSEMBLE MEMBERS INITIAL CONDICION 
EXP 1 November, 29 1986
EXP 2 November, 30 1986
CONTROL (CTL) December, 1 1986
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3.1 Mean climate
3.1.1 Validation of low-level circulation patterns
Figure 2 shows the seasonal circulation of the lower 
troposphere together with the spatial distribution 
of the meridional component of wind for summer 
(DJF) and winter (JJA), both from the HadAM3H 
global model (left column), the MM5 regional model 
(middle column), and the NCEP/NCAR reanalysis 
(right column) (Kalnay et al., 1996).
One of the main features of the summer circulation 
over South America is the low-level jet (LLJ) along 
the eastern slope of the Andes. The center of this 
LLJ is located approximately at 850 hPa and 17º S 
(Saulo et al., 2000). At subtropical latitudes, the 
Andes act as a barrier to the low-level atmospheric 
flow from the Pacific Ocean. Southward of 45º S 
the mountains are lower and the flow over the con-
tinent is dominated by westerlies from the Pacific. 
Comparing the upper and lower right panels of 
Figure 2, it can be seen that the NCEP/NCAR reanal-
ysis displays a more intense LLJ for winter compared 
to summer months, as expected.
With respect to the spatial distribution of wind, 
during DJF over subtropical South America, the 
NCEP/NCAR reanalysis exhibits an anticyclonic 
circulation from the Atlantic Ocean (about 2 to 4 
m/s) and a circulation from tropical latitudes along 
the eastern slope of the Andes (about 4 to 6 m/s). An 
anticyclonic gyre over the Pacific Ocean northward 
of 40º S, with intensities between 5 and 8 m/s is also 
apparent. South of 40º S the magnitude of the west-
erly wind is of the order of 9 to 12 m/s. In general, 
the MM5 regional model adequately represents the 
features described above. However, there are some 
differences between modeled and reanalysis data. 
During DJF, the regional model underestimates the 
wind at 850 hPa by around 3 m/s over the Pacific 
Ocean. The wind at 850 hPa on the eastern slope of 
the Andes shows the same intensity that the observed 
values (between 4 to 6 m/s), while the anticyclonic 
circulation from the South Atlantic Ocean is overes-
timated. The regional model also overestimates the 
wind over the Patagonian region.
The spatial distribution of the wind for winter 
months is very similar to that for summer, but it pres-
ents a northward displacement (5º on average) and 
is weaker compared with summer values. Intensities 
between 1 and 3 m/s are observed in the anticyclonic 
gyre circulation from the Atlantic Ocean, while slight-
ly higher intensities (between 4 and 6 m/s) are seen 
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Fig. 2. Spatial distribution of seasonal mean wind at 850 hPa (m/s) (vectors) and the meridional component of wind 
at 850 hPa (m/s) (shaded). From the global model HadAM3H (left), the regional model MM5 (middle) and the NCEP 
reanalysis (right). DJF: summer (upper panel); JJA: winter (lower panel).
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in the anticyclonic circulation of the Pacific Ocean. 
South of 40º S, the intensities do not exceed 10 m/s. 
The simulated wind at 850 hPa presents lower val-
ues than those observed over the Pacific Ocean. The 
wind from tropical latitudes is underestimated (about 
1 to 3 m/s). South of 40º S, intensities are 10 m/s 
and 11 m/s, indicating a slight overestimation with 
respect to the reanalysis.
The spatial distribution of the meridional compo-
nent of the wind at low levels during DJF shows two 
major areas, one located east of 65º S and north of 
35º S characterized by negative values (southward 
direction), and the other located over the Pacific 
coast with positive values (northward direction). 
These features are generally well reproduced by both 
regional and global models; however, the northward 
wind over the Pacific coast is closer to the continent in 
the models compared to the reanalysis. The regional 
model improves the representation of flow from the 
northern Amazon region east of the Andes compared 
with the global model, though the regional model 
slightly overestimates the intensity over west-central 
Argentina and southern Bolivia.
During winter months the regional model under-
estimates the meridional component of wind at 850 
hPa over the region located east of 65º S and north 
of 35º S. The lower panels in Figure 2 show that ac-
cording to the NCEP/NCAR reanalysis the intensity 
of meridional wind from the north exceeds –5 m/s, 
while the regional model simulated intensities are 
of the order of –2 to –3 m/s. It is important to note 
that the regional model presents a strong southward 
component over this area, while the reanalysis has a 
southeastward direction.
The inadequate representation of the Chaco low 
in the global model (not shown) may explain why the 
northerly wind extends too far southwards compared 
with the reanalysis. The regional model captures 
reasonably well the structure of the LLJ over Boliv-
ia, but the cyclonic circulation associated with the 
Chaco low is displaced to the northeast. Due to this 
misrepresentation of the circulation at low levels, the 
wind over Paraguay, southeastern Brazil, northeast-
ern Argentina and Uruguay shows an important bias 
in the regional model.
Overall the MM5 regional model adequately 
captures the characteristics of circulation in the lower 
troposphere (in terms of wind direction and intensity, 
as well as the magnitude and location of the maxima 
of meridional wind). It is important to note that using 
the Grell convection scheme some model deficiencies 
were improved with respect to the results documented 
in Solman et al. (2007).
3.1.2 Validation of surface variables for present cli-
mate (1970-1989)
Figure 3 compares the 20-year mean seasonal precip-
itation from the regional model (left column), CRU 
observations (middle column) and the differences 
between them (right column) for summer (DJF), 
autumn (MAM), winter (JJA) and spring (SON).
During summer (the wet season for most of South 
America east of the Andes) large precipitation asso-
ciated with the South American Monsoon System 
and the South Atlantic Convergence Zone (SACZ) 
(Kodama, 1992), located over southeastern Brazil 
are apparent. Over this area observed precipitation 
ranges from 8 to 10 mm/day whereas lower intensities 
(from 4 to 8 mm/day) are observed over the south 
of Brazil, Paraguay, and the center and northeast of 
Argentina. The MM5 regional model is capable of 
reproducing these features and also captures low pre-
cipitation rates over the Patagonian region. However, 
it is important to note that the maximum precipita-
tion associated with the SACZ is underestimated by 
around 3 mm/day. The systematic underestimation of 
precipitation in tropical areas with the Grell scheme 
has also been documented by Solman and Pessacg 
(2012a) with the MM5 regional model, by Fernán-
dez et al. (2006) and da Rocha et al. (2009) with the 
RegCM3 regional model, and by Chou et al. (2012) 
with the Eta regional model.
While the MM5 model captures the observed 
maximum of precipitation in areas of high topogra-
phy, its magnitude is overestimated. Similar features 
have been reported in different studies of regional cli-
mate modeling in South America using the RegCM3, 
EtaClim and PRECIS regional models (Fernández et 
al., 2006; Marengo et al., 2009b). This shortcoming 
has also been documented in other mountainous re-
gions in South America and elsewhere in the world 
with the MM5 regional model, including Rojas 
(2006) in central Chile and Grell et al. (2000) in the 
Alps, respectively.
During winter (dry season), CRU displays val-
ues below 1 mm/day over most parts of Argentina, 
northern Chile and southwestern Bolivia; except at 
the easternmost region of Argentina, Uruguay and 
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southern Brazil where a maximum of precipitation 
is apparent. During this season the areas with largest 
rainfall amounts (from 4 to 6 mm/day) were found 
over southern Brazil and Uruguay (as a result of the 
frontal activity) and over central and southern Chile 
(ranging from 8 to 10 mm/day).
Overall, the spatial distribution of the modeled 
winter precipitation is very similar to observations. 
The MM5 model adequately represents the dry con-
ditions over most of the region, except over Uruguay 
and southeastern Brazil. Though the regional model 
captures the maximum precipitation, its magnitude 
is underestimated by around –4 mm/day. This under-
estimation is also present in the 10-year simulation 
documented in Solman et al. (2007) with the same 
model.
In general the geographical distribution of 
modeled and observed rainfall is very similar. The 
regional model underestimates the precipitation 
amount over the center-east of Argentina, Uruguay 
and south of Brazil. The underestimation of rainfall is 
larger during spring than during fall; during summer 
the model shows the largest negative biases. It is im-
portant to note that underestimation associated with 
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SACZ is also present during the transition seasons. 
The southern tip of the continent displays the opposite 
pattern, in which simulated precipitation is larger than 
the observed over the western slope of the Andes.
As mentioned above the maximum observed pre-
cipitation over the central and southern part of Chile 
shows a latitudinal displacement during the year, 
with intensities of around 6 mm/day in both fall and 
spring. The regional model adequately reproduces 
the latitudinal distribution and meridional shift of 
the maximum precipitation, but the magnitude is 
always overestimated (because of stronger westerly 
winds interacting with the western slope of the An-
des [Solman et al., 2007]). A larger overestimation 
of rainfall is found during winter months, with a 
positive bias of about 6 mm/day. The positive bias 
in precipitation is a common feature of regional 
climate simulations in areas of high topography. 
Similar results with the MM5 regional model have 
been found in Grell et al. (2000) for the Alps and 
Rojas (2006) for central Chile. Large overestimate 
of rainfall over the southern Andes was also found 
using the Eta regional model (Chou et al., 2012).
Although the model captured the main character-
istics of precipitation over southern South America, 
there are some differences that can be attributed both 
to regional model shortcomings and deficiencies in 
the boundary conditions. While the HadAM3H global 
model simulates the structure of the flow reasonably 
well, it has deficiencies in the simulation of some 
patterns of fundamental importance for the target 
region (not shown). Among them we can mention 
the cyclonic circulation located in northern Ar-
gentina and the structure of the jet stream at lower 
levels (LLJ) during summer months. The regional 
model improves the features of the regional circu-
lation compared with the driving global model (not 
shown), mainly due to a better representation of the 
terrain, however, it fails in reproducing the location 
and intensity of these topographically induced sys-
tems. Over subtropical latitudes summer precipita-
tion is controlled by the moisture flux convergence 
at low levels and by moisture advection, strongly 
influenced by the South Atlantic anticyclone 
(Lenters and Cook, 1995). The misrepresentation 
of this high-pressure system can affect the moisture 
flux convergence which in turn affects the simulated 
precipitation. The misrepresentation of both the po-
sition of the subtropical high in the Atlantic Ocean 
and the regional circulation in northern Argentina in 
the regional model, affects the advection of moisture 
in the La Plata basin and therefore precipitation is 
underestimated in the region. Same similar features 
were found in Rojas and Seth (2003). In summary, it 
is important to note that the MM5 regional model is 
able to capture the main features of climate in terms of 
the spatial distribution of the mean seasonal rainfall.
Figure 4 compares the 20-year average seasonal 
surface air temperature from the regional model 
(left column), CRU observations (middle column) 
and the bias MM5-CRU (right column). In general, 
the MM5 regional model is able to reproduce the 
general structure of the temperature field. However, 
there are some systematic biases such as a positive 
bias in central and northern Argentina and a negative 
bias in mountainous regions. During summer the 
regional model shows an overestimation of around 
3 ºC in the central region of Argentina; during winter 
the simulated temperature is overestimated in the 
northern part of the domain (by approximately 2 ºC) 
and underestimated over the rest of the domain with 
stronger values (around 3 ºC) in regions of high to-
pography at both sides of the Andes.
The summer overestimation mentioned previously 
over central and northern of Argentina is also found 
in other climate simulations with other regional cli-
mate models (de Sales and Xue, 2006; Pesquero et 
al., 2009; Silvestri et al., 2009; Solman et al., 2011). 
It is worth to highlight that over central Argentina 
the biases found with the MM5 regional model are 
of the same magnitude compared with these studies.
The spatial distribution of the simulated surface 
air temperature during spring is very similar to that 
during winter; it displays a positive bias at tropical 
latitudes and a negative bias over the Patagonian 
region and over the eastern Andes. Comparing both 
intermediate seasons, the figure shows that overes-
timation is stronger during autumn over subtropical 
latitudes, while underestimation is stronger during 
spring over the northwest, center and south of Argen-
tina. The magnitude of temperature overestimation 
is found to be slightly stronger than the magnitude 
of temperature underestimation.
During autumn the regional model overestimates 
the temperature over central Argentina, Paraguay, 
western Bolivia, Uruguay and southern Brazil, while 
a slightly underestimation over the Patagonian region 
is apparent. In agreement with Silvestri et al. (2009), 
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during summer and fall the greatest temperature 
biases are found between 20 and 40º S.
One last consideration regarding the temperature 
field is the cold bias over mountainous regions. This 
is a common feature of regional climate simulations 
over several regions of the world with different re-
gional models driven by various boundary conditions; 
for example in Europe with the RegCM RCM driven 
by the HadAMH GCM (Giorgi et al., 2004); over the 
center and south of Chile with the MM5 model driven 
by the NCEP-NCAR reanalysis (Rojas, 2006); and 
over South America with the Eta model driven by 
four members of an ensemble of the HadCM3 global 
model (Chou et al., 2012). These authors point out 
that station data over mountainous regions may be 
affected by a warm bias due to the predominance of 
stations over the valleys (New et al., 2000) and thus 
the observed temperature may be underestimated 
over these regions. So, as a general consideration, in 
the evaluation of temperatures it should be recalled 
that in mountainous regions observed data may be 
affected by a warm bias due to the prevalence of 
low elevation and valley stations compared to high 
elevations (New et al., 1999, 2000).
In our simulation two opposite patterns are shown 
over mountainous regions to the east and west of the 
Andes. Over the western Andes the model overesti-
mates the mean temperature compared to the CRU 
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database; in contrast the simulated temperature is 
underestimated over the eastern side of the Andes. 
Similar results were found by Marengo et al. (2009b) 
and Solman et al. (2007). The positive bias over 
the center of Argentina and over the subtropical 
region of South America is a feature that has also 
been found in others (Chou et al., 2012 with the 
Eta model; Marengo et al., 2009b with the HadRM3P 
model; Solman et al., 2007 with the MM5 model). 
MM5 and HadRM3P models show a good agreement 
between them over the center of Argentina with an 
overestimation of 3 ºC, though the Eta model shows 
a slightly weaker overestimation of around 2 ºC. 
Furthermore, the positive bias over the subtropical 
region of South America is consistent with results 
by Misra et al. (2002, 2003) and Chou et al. (2012), 
and the magnitude of temperature bias is similar to 
that obtained with the RegCM3 model, documented 
in Fernández et al. (2006).
It is clear from Figure 4 that a positive bias is 
present in all seasons over the center of Argentina 
and south of Brazil, except during JJA. On the other 
hand, a negative temperature bias is apparent over 
the Patagonian region and the Andes. This negative 
bias is stronger during SON compared to the rest of 
the seasons. During winter, the spatial distribution of 
the seasonal bias shows a reverse pattern (negative 
temperature bias over the entire domain) compared 
to DJF, MAM and SON.
Comparing the spatial distribution of temperature 
and precipitation biases, it can be concluded that a 
negative (positive) bias in precipitation is associated 
with a positive (negative) bias in surface air tempera-
ture. This is a common result from models for which 
an overestimation (underestimation) of precipitation 
is usually associated with an overestimation (under-
estimation) of clouds, which reduces (enhances) the 
net short-wave radiation budget at surface, and con-
sequently reduces (enhances) the net energy budget 
at surface. This may explain the correlation between 
cold (warm) and wet (dry) biases.
3.2 Annual cycle
Quantitative estimates of the model precipitation bi-
ases and a more detailed analysis of its mean annual 
cycle can be identified from Figure 5, which displays 
simulated and observed precipitation averaged over 
the subregions defined in Figure 6. These regions 
were chosen particularly due to differences in their 
precipitation regimes and the majority of them were 
defined by Solman et al. (2007). Modeled precip-
itation values were calculated taking into account 
land-only grid points.
In general, the annual cycle of simulated pre-
cipitation shows a good agreement with the annual 
cycle of CRU observations in most of the selected 
regions, except for a strong overestimation over 
mountainous regions (subtropical Andes [SUA] and 
southern Andes [SA]) and an underestimation over 
the eastern part of the domain (La Plata basin [LPB], 
southeastern Brazil [SEB]), being the biases larger 
during winter months.
The pattern of the annual cycle of precipitation 
over the southern part of South America is charac-
terized by maximum rainfall during winter (about 
5 mm/day) and low values during summer (less 
than 2 mm/day), and is controlled by the seasonal 
latitudinal displacement of the subtropical Pacific 
high. The SUA and SA regions are characterized by 
this precipitation regime. Over the SUA region ob-
served precipitation shows maximum values of about 
4 mm/day for winter months and minimum values 
lower than 1 mm/day during austral summer. The 
regional model adequately represents the amplitude 
of the annual cycle though rainfall is overestimated 
throughout the year. The maximum overestimation 
is found for MAM, being 316% larger than obser-
vations, while the minimum overestimation (around 
95%) is simulated for spring.
Over the SA region, the model captures reason-
ably well the observed pattern of the annual cycle, 
but overestimates the precipitation amount. The max-
imum overestimation is found for summer months 
(around 152%) and similar overestimation values 
are found for autumn (144%) and spring (139%). 
During winter, the overestimation is slightly lower 
(62%). Similar results were obtained in other studies, 
including Rojas (2006) and Solman et al. (2007). East 
of the Andes, over the Argentinian Patagonia, the 
annual cycle of precipitation is similar to that over 
the southern Andes, but with lower rainfall amounts.
Over Cuyo (CU), southeastern Pampas (SEP) and 
LPB precipitation reaches its maximum during sum-
mer and its minimum during winter. The annual cycle 
of precipitation at CU and LPB is well represented 
by the MM5 model. However, over SEP and LPB the 
regional model presents a negative bias throughout 
the year except during summer when it shows a slight 
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overestimation (around 35%). For these two regions, 
the maximum underestimation (46%) occurs during 
winter. The MM5 model adequately reproduces the 
rainfall over CU, overestimating by approximately 
50% the rainfall amount during JJA.
The central Andes (CA), Altiplano (AL), Para-
guay (PA) and SEB display rainfall patterns char-
acterized by wet summers and dry winters. Even 
though the regional model adequately represents 
this feature, some differences are apparent. Over CA 
and AL, the MM5 model presents an overestimation 
throughout the year. The positive bias is highest in 
winter (158%) for the CA region while the Altiplano 
maximum positive bias occurs in summer (86%). 
Another important feature is the overestimation over 
CA during autumn, winter and spring, which always 
exceeds 100%, while the overestimation over AL 
is below 50%. The overestimation of summer and 
winter precipitation for the SUA, CA, SA and AP 
regions was also reported by Kitoh et al. (2011) for 
SA
0
2
4
6
8
10
12
MM5 CRU
0
2
4
6
8
10
12
0
2
4
6
8
10
12
0
2
4
6
8
10
12
0
2
4
6
8
10
12
0
2
4
6
8
10
12
0
2
4
6
8
10
12
0
2
4
6
8
10
12
0
2
4
6
8
10
12
0
2
4
6
8
10
12
1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12
1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12
1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12
1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12
1 2 3 4 5 6 7 8 9 10 11 12
Month Month
1 2 3 4 5 6 7 8 9 10 11 12
AP
SUA SEP
LPB CA
AL SEB
CU
P
re
ci
pi
ta
tio
n 
(m
m
/d
ay
)
P
re
ci
pi
ta
tio
n 
(m
m
/d
ay
)
PA
Fig. 5. Observed and simulated annual cycles of precipitation (in mm/day) averaged 
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the period 1979-2003 using a high-resolution global 
atmospheric model.
Over the Paraguay region, the regional model 
underestimates the precipitation throughout the 
year except during January, September and October. 
The MM5 model also underestimates precipitation 
throughout the year over southeast Brazil. The largest 
negative biases occur during MAM and JJA.
Figure 7 displays the annual cycle of near-surface 
temperature for the five selected areas indicated in 
Figure 8. These regions were defined in Solman et al. 
(2007). The choice of these subregions was motivated 
by the analysis of the projected climate change docu-
mented in Nuñez et al. (2008). In general, the MM5 
model reproduces the annual cycle of temperature 
for all subregions.
Regardless of the selected region, the MM5 re-
gional model has a positive bias of around 1 ºC up to 
2 ºC during summer and autumn and a negative bias 
during winter and spring (less than 1 ºC). Over the 
central part of Argentina (CARG), the southeastern of 
South America (SESA) and Subtropical (ST) regions 
there is an overestimation of around 1 to 2 ºC during 
DJF and MAM; and an underestimation close to 1 ºC 
during winter. During SON both regions show oppo-
site biases. Over SESA (CARG), the regional model 
shows a warm (cold) temperature bias. SESA and 
CARG are the regions where the amplitude of the 
annual cycle is largest. The MM5 regional model is 
able to capture the observed amplitude of the tem-
perature annual cycle over these regions.
Comparing the results reported here with other 
studies, the spring temperature overestimation over 
SESA with the MM5 regional model is similar to 
the bias found with the Eta model documented by 
Chou et al. (2012) whereas the summer and fall 
overestimation over the CARG region is consistent 
with the simulated results obtained by Silvestri et al. 
(2009) with the REMO model. The biases identified 
in our study over ST and CARG regions agree with 
those reported by Pesquero et al. (2009) using the Eta 
CPTEC model. Biases over the ST region also agree 
with Marengo et al. (2009a).
During summer, autumn and winter, the model 
overestimates temperature by around 1.5 ºC over the 
Patagonian region and a reversed pattern is found 
during spring (underestimation of the order of 1 ºC). 
The overestimation during winter is found to be 
larger than during summer and autumn. The winter 
overestimation over this area is also consistent with 
results obtained by Silvestri et al. (2009).
Over the Andes and Subtropical regions, the MM5 
regional model shows a positive bias throughout the 
year compared with the CRU observed temperature 
data. This bias is stronger during fall, reaching values 
from approximately 1.5 to 2 ºC.
3.3 Spatial distribution of interannual variability
Results discussed above show that MM5 model sim-
ulates mean precipitation and temperature patterns 
reasonably well. The evaluation of the interannual 
variability is important to give us additional infor-
mation on the capability of the model in reproducing 
the main observed climate features. In this section 
the interannual variability is evaluated and compared 
against CRU observed data using seasonal mean 
values for both precipitation and temperature.
Figure 9 shows the spatial distribution of inter-
annual variability of precipitation for DJF, MAM, 
JJA and SON, calculated as the standard deviation 
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(STDV) from the MM5 model (left panel) and CRU 
data (middle panel). The difference between MM5 
and CRU is also displayed.
The MM5 model adequately represents the spatial 
distribution of the interannual variability of rainfall 
compared to CRU observations throughout the 
domain, as well as the latitudinal displacement of 
the observed peak over central and southern Chile. 
However, it presents some differences in its ampli-
tude mainly over the SACZ and central and southern 
Chile regions.
During summer, the interannual variability of 
precipitation attains a maximum over the subtropical 
region and eastern Argentina and Uruguay, of about 3 
mm/day. Minimum values of the interannual variabil-
ity are found over southern Chile. The MM5 model 
adequately represents these areas of maximum and 
minimum interannual variability, but in both cases 
the amplitude of the variability is overestimated.
Over the Patagonian region, the interannual 
variability of precipitation is slightly overestimated 
throughout the year (by approximately 0.5 mm/day), 
except during summer. Northern of 35º S, to the east 
of the Andes and over the Altiplano plateau, the 
modeled interannual variability is larger than 
the observed all along the year, except during winter 
months, characterized by minimum variability. This 
overestimation is larger during summer followed by 
autumn and spring and is minimal during winter. The 
model also overestimates the precipitation STDV 
over areas of complex topography, such as central 
and southern Chile.
During fall and spring the spatial distribution of 
simulated interannual variability is close to the ob-
servations. However, during both seasons there is an 
underestimation over southeastern Brazil, Uruguay, 
Paraguay and the east of Argentina compared to 
the observed CRU variability. The overestimation 
of the precipitation interannual variability seems 
to be larger during spring and summer over central 
and southern Chile, basically associated with larger 
simulated precipitation values in the model. Similar 
results were obtained in other studies (Vera et al. 
2006; Vera and Silvestri, 2009).
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The areas with complex topography display posi-
tive biases of interannual variability all along the year. 
Over southern Brazil and Uruguay negative biases are 
apparent. Moreover, the model is capable of capturing 
the annual cycle of interannual variability for every 
subregion (not shown).
Figure 10 shows the spatial distribution of interan-
nual variability for surface air temperature from the 
model (left column), observations (middle column) 
and the bias (right column).
The interannual variability of observed tempera-
ture is stronger (3 to 4 ºC) during autumn and spring 
over central-west Argentina. The MM5 model cap-
tures the spatial distribution of interannual variability 
during all seasons and systematically overestimates 
this feature along the year over the entire domain. 
However, this overestimation is stronger (1.2 to 1.8 ºC) 
during summer and winter. During summer, it is 
located over Uruguay, southern Brazil and southeast 
of Paraguay; while during winter it is located over 
southern Bolivia and northern of Paraguay. The dif-
ferences between modeled and observed interannual 
variability are smaller during autumn over the most 
of the domain, with lower biases (from 0.6 to 1.2 ºC) 
over tropical latitudes and Patagonia region.
Similarly, for the case of precipitation, the annual 
cycle of the temperature standard deviation from the 
MM5 model (not shown) is consistent with CRU ob-
servations throughout the year. While the model shows 
a slight overestimation of the standard deviation, it ad-
equately captures the maximum found during autumn 
and the minimum during winter. Using the Eta model 
Pesquero et al. (2009) show similar results.
3.4 Spatial distribution of internal variability
We concentrate here on the evaluation of uncertain-
ties due to the internal variability over South America 
for a one year-length simulation. Therefore, internal 
variability is evaluated from three simulations with 
different starting dates called initial conditions. Note 
that due to the limited number of ensemble members, 
the measure of the internal variability should be 
considered as tentative.
The analysis of internal variability is organized 
as follows: first of all, a brief discussion on the 
sensitivity of internal variability to the number of 
ensemble members is presented by comparing a 
three-member ensemble with three two-member 
ensembles. Secondly, the spatial distribution and the 
temporal evolution of internal variability from the 
three-member ensemble is explored.
The temporal evolution of precipitation aver-
aged over the model domain (not shown) for each 
ensemble suggests that the internal variability of the 
regional model is lower in winter and spring. The 
magnitude of internal variability  is around 5 mm/
day for summer and autumn and 2.5 mm/day for 
winter and spring for the three-member ensemble. 
However, the magnitude of internal variability for the 
three two-member ensembles is larger than the esti-
mation from the three-member ensemble. For tem-
perature, the estimation of internal variability from 
the three-member ensemble is close to 0.5 ºC, while 
higher values are found for any of the two-member 
ensembles. This analysis suggests that the magnitude 
of internal variability depends on the ensemble size; 
the larger the ensemble size the smaller the internal 
variability. It is important to bear in mind that gen-
eral conclusions cannot be drawn using only three 
ensemble members. However, results discussed here 
agree with Alexandru et al. (2007).
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The left column of Figure 11 shows the spatial 
distribution of internal variability for the seasonal 
precipitation represented by t
ensprecip 
2 . The max-
imum values of precipitation internal variability 
occur during DJF, MAM and SON. Regarding to the 
spatial distribution of internal variability in summer 
months, almost all the domain is affected by values 
greater than 4 mm/day, with the largest values over 
the Altiplano and over the Atlantic Ocean along the 
coasts of Brazil and Uruguay.
During autumn, over center of Argentina, Para-
guay, Uruguay, southern Brazil and the southeast of 
Bolivia internal variability is generally larger than 
4 mm/day, with some areas that show values up to 
8 mm/day. During spring, internal variability over 
most of Argentina, Chile and the southwest of Bolivia 
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show values below 3 mm/day. Over the southwest 
of Bolivia, Paraguay, southern Brazil, Uruguay and 
part of northeastern Argentina, internal variability is 
close to 4 to 7 mm/day.
The right column of Figure 11 shows the spatial 
distribution of internal variability for the seasonal 
mean temperature represented by tenstemp  2 . Look-
ing at the four panels of this figure, higher values of 
internal variability are found during summer over the 
center-east of Argentina (around 2.5 ºC) followed by 
autumn and winter with a maximum over Paraguay, 
Bolivia and southwestern Brazil (between 1.5 to 2 ºC). 
Over the southern tip of the continent, east and west 
of the Andes, minimum values of internal variability 
are apparent.
In summer, the area of maximum variability is 
located over central Argentina. Another relative max-
imum (around 2 ºC) over northern Paraguay is also 
noted. Moreover, during winter an area of maximum 
internal variability (from 1.5 to 2 ºC) is apparent over 
tropical latitudes, comprising Paraguay, Bolivia, 
southern Brazil and northern Argentina.
Regarding intermediate seasons, the maximum 
internal variability occurs over central-eastern South 
America. During autumn, the area of maximum in-
ternal variability (from 1.5 to 2 ºC) is located over 
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southern Bolivia, northern Paraguay and southwest-
ern Brazil. In spring, the maximum values of IV 
(from 1 to 1.5 ºC) are found over tropical latitudes.
Whatever the season, the magnitude of internal 
variability for the Patagonian region, southern and 
central Chile is lower compared to any other region 
within the domain.
4. Discussion
This section aims to discuss the reliability of the sim-
ulation. Reliability refers here to the capability of the 
regional climate model in reproducing the observed 
climate, taking into account different metrics for the 
evaluation of model performance. The objective of 
this analysis is to put the mean seasonal biases into 
the context of interannual and internal variability, for 
estimating to what extent the model is able to repro-
duce a reliable estimate of present climate conditions. 
Interannual variability represents a measure of the nat-
ural variability of the climate system and indicates the 
possible dispersion of the mean climate due to natural 
mechanisms. Internal variability quantifies the inherent 
uncertainty of the modeled climate or the intrinsic 
noise level in the simulated climate. Therefore, we 
compare the biases with both natural and internal vari-
ability of the simulation, as in Rinke et al. (2006). This 
examination is motivated by the following question: 
In which areas of southern South America, seasons or 
variables is the regional model reliable?
Accordingly, from the comparison between bias 
and both natural and internal variability, we can de-
fine the following classification cases: (a) the regional 
simulation is reliable when the bias is lower than 
both natural and internal variability; (b) the regional 
simulation is less reliable in those cases where the 
bias is larger than the natural variability; and (c) the 
regional simulation is in the limit of reliability when 
the bias is between both variabilities.
The analysis of reliability is summarized for four 
regions: (1) subtropical latitudes, (2) Uruguay-south-
ern Brazil, (3) east-central Argentina, and (4) central 
and southern Chile.
For precipitation, regardless of the season, the 
bias is lower than both natural and internal variabil-
ity over most of the predefined areas; consequently, 
the simulation can be considered as reliable over 
subtropical latitudes, Uruguay-southern Brazil and 
east-central Argentina all along the year. Over central 
and southern Chile the simulation is less reliable 
during autumn and spring, while it is in the limit of 
reliability during summer and winter.
For temperature the simulation is reliable over 
Uruguay and southern Brazil throughout the year 
(the bias is generally smaller than both natural and 
internal variability). The simulated temperature 
over the center-east of Argentina is in the limit of 
reliability during summer, autumn and spring. For 
winter months the model is reliable in simulating the 
mean temperature over all regions except for central 
and southern Chile. Over subtropical latitudes and 
east-central Argentina, the simulated temperature 
is reliable (the bias is lower than both variabilities) 
in winter and the simulated temperature is less reli-
able or is in the limit of reliability (the bias is larger 
than the interannual variability or is between both 
variabilities) during summer, autumn and spring. 
As for precipitation, the simulated temperature over 
central and south Chile is less reliable or in the limit 
of reliability for all seasons.
A conventional t-test was also performed to test 
for the significance of the difference in the seasonal 
mean values. Overall, the results yielded by this 
analysis agree with the previous discussion.
Figure 12 summarizes the discussion about the 
reliability of the simulated present climate over 
southern South America. For temperature, there is 
more than one schematic symbol over subtropical 
latitudes and east-central Argentina, because there 
are regions with larger or smaller reliability within 
such areas. Note that this synthesis is based on the 
results from only one RCM. However, results sum-
marized here agree with those presented in Solman 
et al. (2013) who explored the reliability using an 
ensemble of RCMs.
5. Summary and conclusions
This work shows the results of the MM5 regional 
model, driven by the HadAM3H model for the pe-
riod 1970-1989 over southern South America. This 
20-year continuous regional simulation is focused 
on evaluating the capability of the nested modeling 
system to represent spatial patterns of seasonal mean 
climate and its annual cycle of precipitation and 
temperature over selected subregions. It is import-
ant to highlight that the analysis undertaken in this 
study does not diagnose the physical explanation for 
model errors, but it may suggest possible pathways 
for model improvement in future works.
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In general, the MM5 regional model is able to 
represent the spatial distribution of rainfall through-
out the year, showing an underestimation of rainfall 
over subtropical latitudes, south of Brazil, Uruguay, 
and the center of Argentina and an overestimation 
over center and southern Chile.
The regional model reproduces the main features 
of the spatial distribution of surface air temperature 
adequately. However, there are some systematic 
bias such as a positive bias in central and northern 
Argentina and a negative bias in mountainous regions 
for all seasons. Comparing the spatial distribution 
of temperature and precipitation biases altogether, 
it can be concluded that a negative (positive) bias in 
precipitation is associated with a positive (negative) 
bias in surface air temperature.
The annual cycle of the simulated precipitation 
agrees quite well with the annual cycle of the CRU 
observations in most of the selected regions, except 
for some overestimation and underestimation.
It is important to highlight that the annual cycle 
of precipitation over Cuyo and La Plata basin is 
well represented by the MM5 regional model. Over 
regions located at the southern tip of the continent 
the model always overestimates the mean monthly 
precipitation. Regions located over the center of the 
model domain show a very satisfactory representation 
of the annual cycle of precipitation.
The shape of the annual cycle of modeled average 
temperature is similar to the observed annual cycle 
for each of the selected regions. Regardless of the 
subregion, the model shows a positive bias in mean 
temperature during autumn and a negative bias for 
spring. However, some exceptions to this behavior 
can be noted, such as the overestimation of summer 
temperatures over central Argentina and the under-
estimation of winter temperatures over southeastern 
South America.
The model also adequately represents the spatial 
distribution of rainfall interannual variability com-
pared to CRU observations throughout the domain, 
as well as the latitudinal displacement of the maxi-
mum interannual variability observed in central and 
southern Chile along the year. However, it has some 
differences (discussed previously) with respect to 
modeled and observed intensities.
The MM5 regional model captures the maximum 
interannual variability of temperature observed 
during transition seasons, however, larger bias are 
found for summer and winter. Moreover, regardless 
of season, the regional model shows a tendency to 
overestimate the interannual variability of mean 
temperature.
Overall, the regional model is able to reproduce 
the general features of regional climate. A survey of 
the literature reveals that the magnitude of the biases 
found here is comparable to that of other regional 
climate simulations for the South American domain 
(Misra et al., 2003; Giorgi et al., 2004; Solman et al., 
2007; Pesquero et al., 2009; among others).
From the evaluation of both variabilities and 
biases, it can be concluded that the MM5 model sim-
ulation is reliable (less reliable) over southern Brazil, 
Uruguay and the center-east of Argentina (subtropical 
latitudes and central and southern Chile). 
Fig. 12. A schematic graph of precipitation (circles) and 
temperature (stars) reliability of the MM5 regional model 
simulation (red: DJF; green: MAM; blue: JJA; orange: 
SON).
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The regional simulation clearly showed added 
value over the driven global model. It was found that 
the present simulation reproduces reasonably well the 
regional climatic features in terms of temperature and 
precipitation compared to observed datasets. There-
fore the current model setup is considered adequate 
for application in future climate studies for southern 
South America. 
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